We describe an optical processing method for characterizing tissue pathology that is based on principalcomponent analysis of light-induced autof luorescence. A set of optical spectral filters, which are related to the principal-component loading vectors, is designed to process the autof luorescence signal optically and to generate principal-component scores from the autof luorescence spectra. The scores are then correlated with the tissue pathology. An optical processing system is designed that uses the in vivo f luorescence spectra recorded from nasopharyngeal tissues. We demonstrate that the system can differentiate nasopharyngeal carcinoma from normal tissue with a high degree of sensitivity and specificity and that the optical filters used in the system can be manufactured.
Light-induced f luorescence (LIF) spectroscopy has the capability to sense the biochemical and morphological differences between diseased and normal tissue noninvasively. The altered biochemical and morphological state of the diseased tissue is ref lected in the measured autof luorescence spectral characteristics of the tissue. In the application of LIF spectroscopy for the classif ication of tissue it is of the utmost importance to develop a spectral analyzer that has an accurate algorithm with which to correlate the measured spectra with the histopathology.
Principal-component analysis (PCA) is an effective method for analyzing the statistical characteristics of spectral data. The spectra processed by the PCA technique are dimensionally reduced into an informative set of principal components that comprise a small number of variables that fully describe variations in spectral data within the limitations of noise. The principal-component (PC) scores of the autof luorescence spectra are then correlated with the tissue pathology to create a clinically useful algorithm. The PCA method has been used for differentiation of diseased tissue from normal tissue. 1 -4 In general, there are two steps involved in LIF spectroscopy of tissue by the PCA technique. The first step is to disperse the f luorescence signal and to record the spectrum. Next, the spectrum is processed with an algorithm based on the diagnostically relevant PCs to generate the diagnostic results. An ordinary spectrograph can record the spectrum of the signal collected from a single pixel on the tissue surface in one measurement. A sophisticated imaging spectrograph with a two-dimensional sensor can measure the spectra from one line at a time over the tissue surface. 5 However, a pixel-by-pixel or line-by-line examination may not be practical in the surveillance of large areas of tissue during clinical practice; an imaging approach is more desirable. There is, therefore, a need for new techniques that can process the spectral signal of each pixel rapidly over an entire imaged tissue surface. Here we present a method with which to process the autof luorescence optically and extract the clinically useful information based on the PCA.
A simple color system such as the human visual system consists of a set of spectral filters for color recognition. Any incidence with spectrum S͑l͒ is projected onto this set of spectral filters as
where F i ͑l͒ is the transmission of the ith spectral f ilter. This projection yields a set of color responses, C i . Similarly, if a spectral analysis system is equipped with a f ilter set, F i ͑l͒, that is related to the loading vectors of the PCs, the scores of the incident spectrum onto the PCs may be extracted from the system responses. A PC f ilter can be designed as F i ͑l͒ a i P i ͑l͒ 1 b i , subject to the condition that 0 # F i ͑l͒ # 1. Here P i ͑l͒ is the spectrum of the ith PC loading vector in wavelength space. a i and b i are two parameters that ensure the value of F i ͑l͒ in the range from 0 to 100% because the value of P i ͑l͒ at different wavelengths could be positive or negative. The ith PC score then can be calculated as
Here, R F i ͑l͒S͑l͒dl is the response of spectrum S͑l͒ to filter F i ͑l͒ and R S͑l͒dl is the system respone of S͑l͒ without any f ilter. Both terms are measurable. This means that a spectral analyzer with i PC f ilters needs in total i 1 1 measurements to generate all the PC scores. In an imaging system with i 1 1 channels of i PC filters, the spectral signals of all the pixels can be processed in parallel optically and the score images of all the PCs can be produced simultaneously. The image with diagnostic information can then be created by use of an algorithm built on the PC scores. A state-of-the art image-processing board such as the Genesis-Plus (Matrox Electronic Systems, Canada) can be used to process the multichannel images and generate the multiple PC score images in real time.
To evaluate the capability of the optical processing method discussed above to characterize tissue pathology, we designed a spectral analyzer to include a set of PC filters based on autof luorescence spectra collected from nasopharyngeal tissue in vivo. The details of the instrument for recording the in vivo spectral data have been described in Ref. 6 . Brief ly, the excitation source was a mercury-arc lamp f iltered by a bandpass filter in the wavelength range 390-450 nm. The f luorescence and ref lection over the tissue surface under examination were imaged by an endoscope. Seven optical f ibers were evenly distributed in the image plane of the endoscope to collect f luorescence signals for spectral analysis. The f luorescence measurements were performed at the sites where the biopsy specimens were taken for histological analysis. The spectral range of the recorded f luorescence was 470-680 nm. The spectral response of the system was calibrated. In this study, 216 biopsy specimens were collected from 59 subjects. Of these specimens, 131 were found to be normal and 85 exhibited carcinoma. The typical raw LIF spectra for normal tissue and carcinoma are shown in Fig. 1 .
First we calculated the PCs from the 216 spectra to identify those of diagnostic relevance. To prepare the data for PCA, we normalized each raw spectrum to its area to eliminate individual-to-individual variation. 4 We found that the first four PCs account for more than 98% of the total variance of all the LIF spectra of normal and carcinoma tissue. The higher-order PCs are probably the main contributors to the noise. We performed unpaired Student's t-tests of the scores of spectra of normal and carcinoma tissue on the f irst four PCs. The results showed a statistically significant difference in the first two PC scores betweennormal and carcinoma tissue ͑ p value , , 0.001͒; the statistical difference between normal and carcinoma tissue in the scores of the third and fourth PCs were not significant ͑ p value . 0.28͒. We chose the f irst two PCs, PC1 and PC2, with which to develop the diagnostic algorithm. The spectra of PC1 and PC2 are shown in Fig. 2 .
We used commercial software for optical thin f ilms (Film Wizard from Scientific Computing International) to design the optical PC f ilters. We selected the values of the parameters a i and b i to keep the transmissions of the PC1 and PC2 filters in the range 10-90%. SiO 2 glass was chosen as the substrate material. The coating materials used were commonly SiO 2 for the low-index layer and TiO 2 for the high-index layer. The tolerance of thickness error for each layer of the coatings was set to 61 nm. By using the optimization methods (Simplex and Global Modified Levenberg-Marquardt) provided by the software, we determined the number of coating layers and the thickness of each layer that would produce the optimal match of the transmissions designed and calculated PC filters. The optimal numbers of coating layers for PC1 and PC2 filters were 17 and 36, respectively. The optimal thickness for the coating layers of PC1 and PC2 filters ranges from 7.3 to 291.3 nm and from 9.3 to 337.2 nm, respectively. As is shown in Fig. 3 , we found that the transmissions of the optimal thin-f ilm f ilters agreed well with those of the calculated PC1 and PC2 filters.
We used a cross-validation method to evaluate the performance of the optical processing method for differentiation of the carcinoma from the normal tissue because we had access to a limited sample size. In the validation procedure we held back one spectrum and designed the PC optical filters by using filters PC1 and PC2 calculated from the remaining 215 spectra. Based on Eq. (2), the ith PC scores of the normalized spectra can be calculated from measurements with and without a f ilter:
We used a line that separates the scores of the carcinoma spectra from those of the normal tissue in the plot of PC1 relative to PC2 to create the diagnostic 4 . Plots of the scores of PC1 and PC2 for normal tissue (squares) and carcinoma (circles). Solid line, algorithm classifying the spectra of carcinoma with a sensitivity of 95% and a specif icity of 93%. algorithm. Specifically, the diagnostic line was defined as Y aX 1 b, where X and Y are the scores calculated from Eq. (3). The accuracy of the algorithm was controlled by choice of the parameters of a and b. Taking the remaining 215 spectra as the training set in each round of validation, we created three diagnostic lines to differentiate the spectra of carcinoma from those of normal tissue. The sensitivities of the lines were set to 98%, 95%, and 93%. We then performed an exhaustive search to determine the values of a and b that maximize the specificity that corresponds to each selected sensitivity. As an example, a diagnostic line that classif ies the carcinoma spectra at a sensitivity of 95% and a specif icity of 93% is depicted in Fig. 4 . After the diagnostic lines were created, we used them to classify the spectrum that we had held back. This procedure was repeated until all the spectra were classif ied. In every round of cross validation, a new set of PC f ilters was created by use of the remaining 215 spectra. The sensitivity and specificity of the cross-validation procedure were calculated based on the classif ication results of 216 rounds of validation. The f inal results are presented in Table 1 .
The results for the training set are the selected sensitivities and the mean specificity over 216 rounds of validation. The sensitivities were f ixed in all rounds of validation. The standard deviation of the specificity over the 216 rounds of validation was found to be less than 0.1% because the specificity changed almost imperceptably with any one of the 216 samples that had been held back. As a comparison, we developed PCA algorithms based on calculated PCs and found that the algorithms exhibited the same accuracy as those created by use of optical PC filters because of precise fitting of the transmissions of optical f ilters to those of the calculated filters shown in Fig. 3 .
In conclusion, we have demonstrated that optical processing of autof luorescence to characterize tissue based on principal-component analysis is feasible. The parallel-processing method eliminates the need for a dispersion instrument or computer processing to generate the PC scores. This simplification could significantly increase the system's sensitivity because here the f luorescence signal is processed and recorded directly instead of being dispersed by a spectrograph to many pixels of the array sensor. With a multiple-channel imaging system such as one reported in Ref. 7 , this optical processing technique may permit multivariate f luorescence imaging of tissue in real time. For a practical system, the system response should be incorporated into the design of the optical filters. It should be emphasized that the lesions studied here were visible or f lat nasopharyngeal carcinomas. In the future we shall focus our research on the detection of early-stage cancers.
